and organic carbon content from the Waikato Basin, New Zealand, has been Soxhlet-extracted using water. The combined concentrations of formate, acetate and oxalate recovered range from 366 to 2499 µg per g sediment and appear to be dependent on rank, organofacies and TOC. The recovered yields of low molecular weight organic acids indicate the potential of carbonaceous sediments to feed the local deep terrestrial biosphere over geological periods of time. The existence of living microbial organisms in the mudstones and sandstones was proven by the identification of intact phospholipids.
Introduction
Within the last decades, research about microbial life, its diversity and biogeochemical processes in deep marine and terrestrial systems has gained importance. The existence of life in these extreme environments has raised the question of where the carbon source for microbial life is derived from. It remains poorly understood which fractions of the sedimentary organic material are accessible to microbial degradation and on what timescale these fractions are digested, oxidized and assimilated (Jørgensen and Boetius, 2007) . Focussing on deep terrestrial systems there have been limited studies on the microbiology of subsurface lignite/coal formations. These studies indicate that anaerobic prokaryotic processes occur (Kanduc and Pezdic, 2005) and are stimulated close to lignite layers (Ulrich et al., 1998; Detmers et al., 2001) or by the organic material trapped in shales . Heating experiments with kerogen and humic acids resulted in the release of low molecular weight monoand dicarboxylic acids (Kawamura and Kaplan, 1987; Barth et al., 1988) . Monocarboxylic acids are also present in oil-formation waters (Carothers and Kharaka, 1978) . Low molecular weight organic acids (LMWOA) such as acetate, formate and oxalate have been shown to be extractable from low-rank coals with water in a Soxhlet apparatus (Bou-Raad et al., 2000) . In their publication, Bou-Raad and co-workers (2000) stated that the amount of oxalate released was negatively correlated to the rank of the coal samples. Pyrolysis of coals led to high amounts of formate and acetate and low amounts of these compounds have already been detected even after washing the coal samples (Quyn et al., 2002) . This indicates that low rank coals can provide LMWOA which may decarboxylate to yield hydrocarbons or be consumed by microorganisms. These LMWOA have been evaluated as direct natural gas precursors via thermal cracking as well as potential substrates for methanogenic activities (Parkes et al., 2000; .
The focus of our research is the potential of low-rank coals and associated lithologies with lower organic carbon content (e.g., mudstones and sandstones) to release LMWOA as a feedstock for an in-situ microbial community, the existence of which we confirm through phospholipid analysis. We also sought to demonstrate that the extraction of coals and clastic sediments with water may present a first tentative estimate of the amounts of LMWOA that are easily available in deep terrestrial systems.
Materials and Methods

2.1
The DEBITS site 
Soxhlet extraction of samples
The selected samples were freeze-dried and ground and then extracted with water for 2 days using conventional Soxhlet apparatus. For all extractions and analytical work deionized water was used that had been treated by UVphotooxidation (Simplicity 185, Millipore) to remove any organic compounds. The
Soxhlet apparatus and cellulose thimbles were pre-cleaned for 1 day using 150-250 ml of the purified water. Each finely powdered sample (1-10 g) was extracted
with 150-250 ml of the purified water for 2 days. The extraction temperature within the sample thimble was approximately 80 °C. The water extracts were filtered by vacuum filtration using 0.45 µm polypropylene filters. The reproducibility of the Soxhlet extraction was tested once, the difference between two individual extractions is below 10 %.
Soxhlet extraction of coals and other lithologies with water was considered as being an appropriate method to obtain information about their potential to release LMWOA. In general, due to the continuous circulation of warm solvent the extraction yields of this method are known to be higher than in corresponding batch extraction experiments. The water temperature of approximately 80 °C is still compatible with microbial life. To date, temperatures between 80 -90 °C are considered maximum temperatures of biological activity in petroleum reservoirs (Connan, 1984; Wilhelms et al., 2001; Head et al., 2003) . The higher extraction temperatures used in our experiments compared to the in-situ temperatures have been chosen to compensate the longer extractions times in geological systems, which can hardly be simulated in laboratory experiments. Furthermore, extraction experiments running over longer time spans than 2 days showed that higher amounts of LMWOA can be extracted from coals. A reason for this might be a gradual release of these compounds from the complex coal structure, whereas these compounds may be trapped in interstitial spaces and/or sorbed to the matrix. However, being aware that the chosen extraction method is not resembling the in-situ conditions and that the amount of free LMWOA associated with the coal matrix is possibly larger, we applied for practical reasons the described Soxhlet extraction method to obtain a first insight into the potential of different lithologies (mainly organic carbon rich sediments of different maturity) to release LMWOA into surrounding water, hence, forming a potential carbon source for deep microbial communities.
Determination of anions
All water extracts were analysed in replicate by ion chromatography with conductivity detection (ICS 3000, Dionex Corp. ) standards containing all of the investigated compounds were measured in different concentrations every day. Standard deviation of sample and standard quantification is below 10 %.
Detection of intact phospholipids
To document the occurrence and distribution of viable microbial organisms in the DEBITS transect sediments we analyzed the sample material for intact phospholipids (PLs). These biomarkers are suitable to act as microbial life markers because they rapidly degrade after cell death during early diagenetic processes (e.g. White et al., 1979; Harvey et al., 1986; Rütters et al., 2002; Zink et al., 2003; Sturt et al., 2004) . For the analysis of phospholipids we used an extraction method modified after Bligh and Dyer (1959) . Afterwards the lipid extract was separated by column chromatography into fractions of different polarity. Finally, the intact phospholipids were detected using a high performance liquid chromatography (HPLC) instrument (Shimadzu SCL-10a VP) coupled to a Finnigan MAT TSQ 7000 mass spectrometer equipped with an electrospray interface (ESI). Details on the phospholipid analysis are described in Zink and Mangelsdorf (2004) . For quantification we determined the peak areas of individual phospholipid groups (mass trace of the sum of all molecular ions representing individual PL groups), considering their different response factors relative to the peak area of an internal standard (deuterated (d 31 ) palmitoyllysophosphatidylcholine) of known concentration as described in Mangelsdorf et al. (2005) and Zink et al. (2008) .
Results and Discussion
Extraction of coals of different rank
Formate, acetate and oxalate were detected in the water extracts of all five DEBITS coals (Fig. 1) . The detected concentrations of the three extracted LMWOA in the coals of comparable rank either from above or below the unconformity appear to be variable. This is most likely a result of differences in the organofacies of the coals deposited during different time periods. However, in general, greater amounts of LMWOA can be extracted from the lower rank coals above the unconformity. Formate concentrations range between 100 and 1400 µg/g sediment, with lowest concentrations in the water extracts of the higher rank coal samples from below the unconformity. Acetate concentrations vary from 100 to 500 µg/g sediment. It is obvious that low rank coals released twice as much formate as acetate during extraction whereas for coal samples from below the unconformity the yield of formate is only slightly higher than for acetate. The oxalate concentrations in the water extracts are between 100 to 600 µg/g sediment and show, in general, higher amounts for the lower rank coal samples than for the higher rank coals.
The results show that a significant amount of LMWOA can be released from the coal matrix into the surrounding water. Additionally, this study suggest that lignitic coals (n=3) tend to have larger potential for the release of LMWOA, especially formate, into water than higher rank, sub-bituminous coals (n=2). This general trend may be a result of the degree of diagenetic alteration of the macromolecular organic matter within the coals, leading to a depletion of such easily available small molecules in the macromolecular structure. The variable amounts of water extractable organic acids from low rank coals might be caused by different organofacies or a greater structural heterogeneity of the less mature organic matter compared to the higher rank coals from below the unconformity. Thus, the more mature material appears to provide lower amounts of LMWOA and therefore, indicates a lower potential to serve as feedstock for microbial life in underlying terrestrial systems. However, it can be assumed that lower LMWOA yields in the sub-bituminous coals are caused by a previous expulsion of LMWOA during earlier, deeper burial of these coals down to depth of 2000 m and temperature of approximately 75 °C (see chapter 2) and a potentially associated earlier feeding of the deep biosphere.
Lignites as feedstock for microbial organisms
To compare the availability of LMWOA from coals and other clastic lithologies, five samples of different lithology from a cored section at 18 m depth have been extracted. These samples cover a transition from lignite to mudstone to sandstone, with decreasing TOC from 34.6 to 0.2 % (Table 1 , Fig. 2a ). The water extraction of these so-called "interface samples" similarly resulted in the release of formate, acetate and oxalate (Fig. 2b) , with the total amount of acids released decreasing substantially with decreasing TOC.
In addition to the water extraction experiments, the five interface samples were also examined for intact phospholipids, which are indicators of microbial life (White et al., 1979; Zink et al. 2003) . The phospholipids detected in the five interface samples were mainly phosphatidylglycerols (Fig. 2a) and phosphatidylethanolamines. The concentration of phospholipids barely exceeded the detection limit in the lignite, which might be somewhat higher than in the adjacent lithologies due to the higher background noise from the organic matrix.
Phospholipid concentrations increased in the mudstone layer immediately beneath the lignite, and then decreased again with increasing distance beneath the lignite layer (Fig. 2a) . The profile of intact phospholipids appears to confirm the potential of organic carbon-rich lignites and clastic lithologies (e.g. carbonaceous mudstones) to feed microbial communities in adjacent sedimentary layers. To date, it is assumed that microbial life preferentially occurs in lithologies with sufficient pore space for its metabolic exchange processes (Fredrickson et al., 1997; Sharma and McInerney, 1994 ).
The differences in distribution of LMWOA and molecular life-markers may imply that the water soluble organic acids will be transported by diffusion and/or advection from the coal layers to the adjacent carrier lithologies to support the deep biosphere. This general idea of organic carbon-rich lithologies feeding adjacent layers with low molecular weight organic compounds has been previously proposed Krumholz et al., 1997; McMahon and Chapelle, 1991) . Our study has also shown, however, that mudstones (claystones and siltstones) and sandstones with low organic carbon content also have the potential to release low molecular weight organic compounds, but in much lower concentrations.
Feeding the deep biosphere -estimation of bioavailable compounds
In our extraction experiments we observed that the amount of LMWOA released into water under identical extraction conditions is dependent on the maturity and organofacies of the source material (coal samples) and on the TOC content (interface samples). However, if we consider only the five coal samples and the lignite from the transect samples, we find an inverse trend between TOC (%) and the amount of carbon released as formate, acetate and oxalate, given as percentage of TOC (last column of Table 1 ). Coal samples with lower TOC (low rank samples) released up to 0.2 % of their TOC as carbon in form of the detected LMWOA. This proportion is significantly lower for the high rank samples, where only 0.02 to 0.04 % of their TOC content have been released as LMWOA in water extraction. This is consistent with the idea that increasing thermal maturity is accompanied by polymerisation reactions and structural alteration of the organic matter, resulting in the loss of small, labile and water-soluble substructures (like e.g. LMWOA) within the coal macromolecular structure (Tissot and Welte, 1984) . This would limit the amount of carbon that could be released as LMWOA by natural water extraction. 
Summary and Conclusions
Soxhlet extraction of coals with water resulted in the release of LMWOA (formate, acetate and oxalate) being a potential carbon feedstock for deep terrestrial microbial life. The presence of living microbial organisms in mudstones and sandstones adjacent to the coal layers has been proven by phospholipid analysis.
The mudstones and sandstones themselves, despite very low TOC contents, also provide a source of LMWOA, albeit in much lower concentrations. The proportion of carbon that is released as LMWOA from coal samples appears to be dependent on TOC content, organofacies and maturity. Rough approximations of our 2-day-extraction results showed that this coal-derived fraction of LMWOA may feed the deep terrestrial biosphere for several thousands to millions of years. Tables   Table 1: Overview of the selected samples from the DEBITS-borehole 
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